Al 0.8 Ga 0.2 As p + -p --n + diodes with low reverse leakage currents (<10nA) were evaluated as room temperature (23ºC), soft X-ray photon counting detectors. X-ray spectra from a 55
Introduction
The material Al x Ga 1-x As is widely used in GaAs-based electronic and optoelectronic devices. Any composition of Al x Ga 1-x As can be grown lattice-matched to the GaAs substrates, which are commercially available in diameters of 150 mm.
As a result, using current epitaxial wafer growth technologies high quality Al x Ga 1-x As material of reasonable thickness (several microns) are achievable with negligible growth defects. With high quality material growth and large band gaps of high Alcontent Al x Ga 1-x As, e.g. 2.09 eV for Al 0.8 Ga 0.2 As [1] , Al x Ga 1-x As diodes tend to exhibit low intrinsic reverse leakage current at room temperature without any device passivation [2] . Large band gap Al x Ga 1-x As may thus be suitable for X-ray detection at room temperature.
In optical signal detection, avalanche photodiodes (APDs), whose avalanche multiplication factor, M, increases with the device reverse bias, are often used in detection systems [3] to improve the system overall signal-to-noise ratio. Siliconbased APDs have been used for X-ray detection for many applications. Recent work by Kataoka et al [4] have also shown that good spectroscopic performance can also be maintained in addition to the avalanche multiplication.
However, there has been no report in the literature of using Al x Ga 1-x As diodes for room temperature X-rays detection. This paper presents results of Al x Ga 1-x As diodes used for soft X-ray photon counting detection and reports observation of avalanche multiplication effects in the X-ray spectra. Associated characterisation results (electrical and avalanche multiplication) are presented along with X-ray detection spectra.
Wafer structure and device fabrication
The wafer used in this study is an Al 0.8 Ga 0. Technology [5] so no preparation other than the standard surface oxide removal (carried out in the MBE machine) was required.
The epitaxial layer material thickness and deduced doping density are given in The doping density details in Table 1 were estimated from reverse bias Capacitance-Voltage (C-V) measurements performed on devices whose fabrication details will be described later. The C-V measurements were carried out at room temperature by directly probing the devices and using a Hewlett Packard 4275 LCR meter with the ac test voltage signal magnitude and frequency set at 50 mV rms and 1 MHz, respectively. The C-V data were fitted using an electrostatic model to the top p-GaAs layer. In/Ge/Au alloy was deposited to the back n + substrate and then annealed at 420 C to provide the ohmic n-metal contact. Most of the devices had optical windows. Four sizes of diodes were fabricated having radii of 25, 50, 100, and 200 m. Only the two largest sizes of device (both with optical windows)
were wire-bonded for subsequent X-ray detection measurements. There was no passivation on the mesa sidewalls. A photograph of the fabricated devices is shown in Fig. 1 .
Experiments and results

Avalanche multiplication
Avalanche multiplication factor versus reverse bias characteristics were measured on the devices using photomultiplication measurements [2] . In these measurements, carriers are generated by photon absorption outside the high-field region, before diffusing into the high-field region.
Laser light from a 442nm wavelength continuous-wave He-Cd laser was focused onto the optical window of the device under test. Electron-hole-pairs were generated in the p-Al 0.8 Ga 0.2 As cladding due to photon absorption (97% of the light is absorbed in the ~1 m thick p-Al 0.8 Ga 0.2 As cladding). The electrons diffuse and are 4 4 collected by the depletion region. This procedure ensures pure electron injection into the high-field region and allows measurement of the multiplication factor due to pure electron injection, M e .
The laser light was modulated by a mechanical chopper to enable phasesensitive detection of the photocurrent, which distinguishes the photocurrent from device leakage current. The photocurrent was measured via voltage dropped across a series resistor using a lock-in amplifier, while the device was reverse-biased by a
Keithley 236 Source-Measure-Unit. Multiplication factors were obtained by normalising the photocurrent data to the injected photocurrent. Slight increase in carrier collection efficiency with reverse bias, which affects the injected photocurrent, was accounted for in the analyses [7] .
Measurements of the multiplication factor due to pure hole injection, M h , were carried out on a batch of devices with the substrate removed through mechanical polishing and chemical etching. For these measurements, the 442nm wavelength laser light was focused onto the back of the device (GaAs substrate), injecting holes into the high field region. The same procedure as for measuring M e was followed to obtain the hole multiplication factor, M h . The photomultiplication data of M e and M h for the devices are plotted against reverse bias in Fig. 2 . Any other mixed carrier injection condition will give rise to mixed multiplication factor, M mix , that must be within the range of M e and M h .
Electrical characterisation
Reverse bias current-voltage characteristics of the diodes were measured using a calibrated Keithley 427 ammeter in order to assess suitability of the diodes for subsequent X-ray measurements (Section 3.3). The devices exhibited sufficiently low (<10 nA) leakage current up to reverse bias of 26 V. Smaller devices showed lower leakage current than larger devices for a given reverse bias, as expected from device area and/or perimeter scaling of leakage currents.
Devices D1 and D2, with radii of 100 and 200 m, respectively, were chosen for X-ray measurements. From the C-V measurements described earlier, for reverse bias greater than 10 V, the capacitance values are ~5 and ~20 pF, for D1 and D2, respectively, scaling with device area as expected. hours.
5
X-Ray spectra
Fig . 3 shows the spectra obtained from D2 as a function of reverse bias voltage. Similar spectra were obtained from D1 (not shown here), but with lower efficiency due to the smaller X-ray sensitive area in D1 compared to D2. As reverse bias increases, the main X-ray peak channel number increases, moving away from the noise peak, improving the overall signal to noise ratio.
Next, we compare the dependence of the main peak channel number (Fig. 3) as a function of reverse bias with the experimental avalanche multiplication characteristics shown in Fig. 2 . The peak channel number from Fig. 3 was normalised to the value measured for a reverse bias of 15 V then scaled to value of the mixed carrier injection multiplication, M mix (1.06 at 15 V).
The peak channel number dependence is shown in Fig. 2 and is within the limits set by M e and M h . In fact, the dependence is in good agreement with M mix , which was calculated using the experimental data of M e and M h as well as the X-ray absorption coefficient for Al 0.8 Ga 0.2 As (639 cm -1 at 5.9 keV) and confirms that the increase in the X-ray peak gain with reverse bias is due to avalanche multiplication.
The Full Width at Half Maximum (FWHM) for each spectra in Fig. 3 was deduced by fitting a Gaussian of the main peak using IDL [8] , as shown in Fig. 4 extremely useful in a number of applications where room temperature operation is required.
As the multiplication factor increases with bias voltage, there appears to be a growing peak at higher energy, causing the X-ray spectrum to deviate from an ideal Gaussian curve. However these improved characteristics are tempered by the appearance of a secondary peak at higher energy, which results in the X-ray spectrum being skewed from an ideal Gaussian shape. The non-Gaussian shape at high bias voltages degrades the energy resolution, which would limit the diode's use in spectroscopic applications. The secondary peak arises from distinct peaks in distribution of multiplication factor, when carrier dead space effects are significant in the avalanche process, as in the case of our Al 0.8 Ga 0.2 As diode with a relatively narrow avalanche region. However, the secondary peak is expected to be less pronounced in X-ray spectra of future more-optimised diodes with a much wider avalanche region for enhanced detection efficiency since carrier dead space effects become less significant with increasing width of the avalanche region [10] .
Diode design and X-ray detection efficiency
Although the diodes used in this work were not specifically designed for X-ray absorption, it is informative to investigate how the diode design affects the X-ray detection efficiency, Q d . The efficiency of the diodes is, in part, determined by the transmission and absorption in the various material layers (Table 1) . If we assume, for simplicity, that only the top three layers play significant parts in the diode's efficiency for incident X-rays and that the charge collection efficiency from the i layer 7 is 100%, we can then calculate the transmission through the top two layers and the absorption in the third layer to estimate the efficiency using
where i and t i are the absorption coefficient and thickness for the i th layer. The calculated efficiency used the absorption coefficients (as a function of energy) of materials GaAs and Al 0.8 Ga 0.2 As and the effects of the various absorption edges for each of the elements Al, Ga, and As. The energies for absorption edges of Ga-K, Although these carriers are generated outside the depletion region, some of them can still diffuse to the depletion edges and hence contribute to the signal.
A number of designs, which are summarised in Table 2 reduce the detection efficiency below 1 keV for Al 0.8 Ga 0.2 As diode when compared to the silicon diode, there is improved detection for X-rays above 3 keV. We also note that the Si detection efficiency curve has a prominent Si-K edge, which would be undesirable in some X-ray analysis applications.
Conclusions
We present experimental X-ray spectra of a Table 2 ) and a 20 m thick Si layer. 
